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ABSTRACT

The surface-enhanced Raman spectroscopy (SERS) is a technique for the detection of analytes on the surface with an ultrahigh sensitivity
down to the atomic-scale, yet the fabrication of SERS materials such as nanoparticles or arrays of coinage metals often involve multiple
complex steps with the high cost and pollution, largely limiting the application of SERS. Here, we report a complex hierarchical metallic glassy
(MG) nanostructure by simply replicating the surface microstructure of butterfly wings through vapor deposition technique. The MG nanostructure
displays an excellent SERS effect and moreover, a superhydrophobicity and self-cleaning behavior. The SERS effect of the MG nanostructure is
attributed to the intrinsic nanoscale structural heterogeneities on the MG surface, which provides a large number of hotspots for the localized
electromagnetic field enhancement affirmed by the finite-difference time-domain (FDTD) simulation. Our works show that the MG could be a
new potential SERS material with low cost and good durability, well extending the functional application of this kind of material.
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1 Introduction

Surface-enhanced Raman spectroscopy (SERS) could detect the trace
amounts of chemical species on surfaces with ultrahigh sensitivity
down to the single molecular level, and has been widely used in a
variety of fields including polymer and material science, biosensing,
catalysis, and electrochemistry [1-3]. The principle of SERS is to
utilize the optical resonance properties of nanostructures, which can
significantly enhance the local electromagnetic field and therefore
amplify the Raman signals of analysts by several orders of magnitude.
The classic SERS substrates are coinage-metals (Ag, Au, et al.) with
uniform distribution nanostructures due to the excitation of localized
surface plasmon resonances (LSPRs) on the surface of these metals
[4-10]. However, the nanofabrication methods for producing the
elaborate nanostructures of the SERS materials such as nanoparticles
or arrays often involve multiple complex steps with the high cost
and pollution, largely limiting the enormous application of SERS
technique. In recent years, many novel materials such as, the alkali
metals, graphene, semiconductors and quantum dots used as SERS
substrates were explored [11-15]. These materials are either highly
reactive in air (alkali metal) or have low enhanced effects (graphene,
semiconductors and quantum dots) due to the pure chemical
enhancements instead of electromagnetic enhancements (EM) caused
by LSPRs. Developing the low-cost SERS substrate with excellent
surface enhanced effect and the simple preparation process, still
presents a major challenge.

As a new class of amorphous materials, metallic glasses (MGs)

have absorbed considerable attentions due to their attractive
properties such as high strength, large elastic limit, excellent
corrosion and wear resistance. With the lack of crystalline defects
in the disordered atomic structure and almost zero volume shrinkage
during glass transition, MGs can be processed and shaped in the
supercooled liquid region with a high precision down to the atomic
scale. Therefore, MGs are regarded as an ideal material for the
fabrication of elaborate nanostructures and nano-devices [16, 17].
Moreover, arising from the non-equilibrium nature, the atoms on
the surface of MGs are often in a high-energy and activate state,
which results in some unique properties that are highly desirable in
many chemical processes. For example, recent studies showed that
MGs can be used as efficient electrocatalyst for the degradation
of water contaminants as well as electrochemical splitting of water
[18-20].

Here, we reported a stable and low-cost butterfly-wing hierarchical
MG nanostructure by vapor deposition technique. The MG
nanostructure could show an enhanced surface Raman scattering
effect and moreover, an excellent superhydrophobicity and self-
cleaning behavior. These combined properties render MGs as a new
efficient SERS material with low cost and good durability. The
underlying mechanism for the SERS effect of MG nanostructure
was also discussed in terms of their intrinsic chemical inhomo-
geneity and active atomic sites. The finite-difference time-domain
(FDTD) simulation affirms that the enhancement of localized
electromagnetic field at the gap between the adjacent MG
nanoparticles (NPs).
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2 Experimental section

2.1 Materials

The Zr-based deposition target with a size of 100 mm x 100 mm X
2 mm was fabricated by copper-mold-casting method in an argon
atmosphere. The purity of Ag material bought from a commercial
company is 99.99%. The wing scales from Papillo Paris (P. Paris) is
chosen as original bio-templates to replicate. To remove the possibly
existing oxide layer on the target surface, pre-sputtering was carried
out for 300 s, then MG film was deposited on wing scales. The ion
beam current and energy was 20 mA and 750 eV, respectively. The
deposition rate is about 4.5 nm/min. The pressure of chamber is lower
than 2 x 107 Pa, and the depositing argon pressure is 2.4 x 107 Pa.

2.2 Characterization

The vitrification nature of the samples was ascertained by X-ray
radiation (MAC Mos XHF diffractometer with Cu Ka-radiation).
EDS analysis and SEM images were carried out using a Phenom XL
(15kV). TEM images were conducted on a JEOL 2100 Plus (200 kV).
The water contact angle was measured by a Dataphysics OCA20
contact angle system. The water droplet of 1 pL is dropped on the
surface of MG replicas. Images are captured by digital cameras and
then the static water contact angles are calculated by tangent method.
UV-vis absorbance spectra were recorded with a HITACHI
UV-3900H spectrometer. The bare butterfly wing is used as a
reference during the measurement of UV -vis absorbance spectra.

2.3 Measurement of Raman scattering spectra

Rhodamine 6G (R6G) powders were dissolved into deionized water
to form solutions with different concentrations. The MG or pure Ag
replicas were immersed in R6G solutions for 1 h, upon which the
samples were taken out and then dried. The Raman spectra were
recorded using a micro-Raman spectrometer (Horiba/Jobin Yvon
HR 800) equipped with 532 nm laser as the excitation source (laser
power: 1 mW and laser spot size: 2 um). The data acquisition time
was 10 s.

3 Results and discussion

Figures 1(a)-1(c) give an illustration for the fabrication of the MG
nanostructure. The fabrication procedure is pretty simple, only
involving one step of depositing the MG target materials onto a
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butterfly wing specimen. Here, we chose the P. Paris butterfly
specimen whose dorsal surface displays a prominent shining metallic
green area with fine nanostructures. The alloy compositions for the
target materials are (ZrsCussAls)io-<Agx (5 < x < 64, in atomic percent).
The ZriCusAls alloy has been reported to have an excellent glass-
forming ability, while the reason for doping Ag into the alloy is to
utilize the intrinsic LSPR of Ag, and for the sake of the comparison
with the pure crystal Ag. The alloy targets with designed shape were
first prepared by a high-vacuum arc-melting system and then suck
casting into a copper mold. Then metallic films were obtained by
depositing the target materials into the dorsal surface of butterfly
wings with an ion beam assisted deposition (IBAD) technique
(for details see Experimental section). Figure 1(d) shows that the
performance measurements directly were conducted on the surface
of deposited film.

Figures 1(e) and 1(f) are typical micrographs of the deposited
film obtained by scanning electron microscopy (SEM). As can be
seen, the complex hierarchical structure of dorsal forewing is fully
replicated by the deposited metallic film. At low magnification, the
film structure is composed of many regular scaly structures with a
typical size of 100 pm (Fig. 1(e)). While examined under a high
magnification, each scaly in fact contains many fine nanostructures
including main ridges, ribs and irregular holes (Fig. 1(f)). The ribs
have an average thickness of 250 nm, while the hole size ranges
from 200 nm to 2 pm. Figure 1(g) also gives a 3-dimensional profile
for the nanostructures probed by SEM. The average roughness for
the nanostructures is about 400 nm obtained from the height plot
along the diagonal as shown in Fig. 1(h). These results confirm the
formation of complex hierarchical metallic nanostructures on the
biological template by the IBAD technique. In addition, the IBAD
technique could produce the film with a composition close to that
of the target material, which is particularly for multicomponent alloy
systems. As shown by the energy dispersive X-ray spectrometry
(EDS) (see Fig. S1 the in Electronic Supplementary Material (ESM)),
the average composition for the deposited film is measured to be
(ZrisCuasAls)s2Agis, which is very close to the original composition
of the target alloy (ZrsCussAls)sosAgr. Moreover, EDS mapping
shows that each element is homogeneously distributed across the
analyzed area without composition segregation. Compared with other
methods for producing analogous periodic metallic nanostructures,
e.g., electroless plating or electroplating, IBAD method is an effective
approach to replicate the bio-template with multicomponent alloy
[7, 21-30].
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Figure 1 Fabrication and characterization of the MG replicas. (a) The natural P. paris butterfly. (b) Schematic diagram of IBAD. (c) MG films sputtered on butterfly
forewings. (d) The experiments of superhydrophobicity and SERS. (¢) SEM image of the (ZrssCuusAls)s2Agis MG scale replicas. (f) Hierarchical patterns of scale in red
box of (e). (g) 3-Dimensional view of SEM image of (f). (h) The roughness along the red arrow in (g).
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The amorphous nature of the metallic films was characterized by
X-ray diffraction (XRD) and transmission electron microscopy
(TEM), as shown in Fig. 2. From the XRD profiles, one can see that
when the content of Ag is below 36 at.%, the metallic replicas display
a full amorphous structure, manifested as a broad amorphous
peak in the XRD curves (Fig. 2(a)). While at 50 at.% Ag content,
the deposited replica displays obvious crystalline peaks in the broad
amorphous peak. This suggests that the glass-forming ability of the
deposited metallic replicas is generally decreased with the increasing
Ag content. The results are further confirmed by TEM. The samples
for TEM are directly taken out from the scales of alloy replicas and
thinned by focus ion beam (FIB) (Fig. S2 in the ESM). As can be
seen from Figs. 2(b) and 2(c), (ZrsCussAls)ssAgss replicas display a
maze-like structure in the bright field image and dispersed diffraction
halo in the corresponding SAED, which are typical features of an
amorphous structure. While the replicas with 50 at.% of Ag shows
the crystalline lattice and diffraction spots. According to the fast
Fourier transform (FFT) of enlarged TEM image, the nanocrystals
are identified as AgiAl (Fig. 2(d)). The nanocrystallization of
(ZrssCussAls)soAgso replicas can be attributed to the low glass forming
ability of the alloy and the suppressed cooling rate during deposition
due to the non-conductivity of biological substrate.

The SERS performance of these metallic replicas was measured
and analyzed. R6G was used as a model analyte to collect the SERS
signals. The UV-vis spectroscopy was used to characterize the LSPR
properties of MG replicas before Raman collections (Fig. S3 in the
ESM). The spectrum of MG replicas with deposition time of 5 min
shows a clear absorption peak around 300 nm and a broad LSPR
absorption band around 500 nm. When the deposition time increases,
the broad LSPR absorption band disappears in the optical absorption
spectrum, which is attributed to the change of nanogap between main
ridges or diameter of irregular holes. In general, the thin MG replicas
shows the better LSPR properties than the thick one, which is
consistent with the change of Raman intensity with the deposition
time (Fig. S4 in the ESM). The peaks shown in Raman spectrum
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all coming from R6G molecule have been enhanced by the MG
nanostructures. Therefore, the MG replicas with the deposition
time of 5 min are chosen as SERS substrates. The detection limit is a
significant important parameter for evaluating the overall performance
of SERS substrates. To determine the detection limit of the MG
replicas, four identical substrates were exposed to R6G solutions,
respectively, with concentration varying from 10~ to 107 M for
1 h (Fig. 3(a)). The intensity of two different Raman shifts at 610 and
1,650 cm™ are used for the indexes to detect the SRES limit. As can
be seen from Fig. 3(b), even for a concentration of R6G solution as
low as 107® M, the typical Raman peaks of R6G solution can still be
observed for (ZrsCusAls)s2Agis, suggesting a high detection sensitivity
of the MG replicas. To further calculate the limit of detection (LOD),
the calibration curve of average peak intensities at the 1,650 cm™
against the logarithmic concentration of R6G for (ZrsCussAls)s2Agis
MG replicas is shown in Fig. S6 in the ESM. Based on the definition
of LOD, the detection limit is calculated to be about 6.6 x 10° M
(The calculation details see Text SI and Fig. S6 in the ESM) [31].
Figure 3(c) compares the SERS performance of the alloy replicas
with different Ag contents with a solution concentration of 107° M.
The variation of Raman intensity (at 610 and 1,650 cm™) with
different Ag contents are shown in Fig. 3(d). One can see that the
Raman intensity initially increases with the content of Ag, and reaches
a maximum at 36 at.% of Ag content, then dramatically decreases.
Coincidently, after 36 at.% of Ag content, the structure of replicas
is also transformed from fully amorphous to a composite structure
with the precipitation of nanocrystals. The SERS effect of amorphous
replicas should be originated from the intrinsic LSPR property of Ag.
This can be evidenced by that the SERS effect cannot be observed
in the CusoZrso MG replicas without Ag (Fig. S5 in the ESM). So, it is
natural that the SERS effect of the replicas increases with the Ag
content as the replicas structure is still fully amorphous. While the
dramatically decreased SERS after 36 at.% of Ag content suggests
that the amorphous state of replicas films can be largely contributed
to the SERS. To confirm this, we also measured the SERS spectra of
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Figure 2 Examination of crystallization of MG replicas. (a) XRD spectra of pure butterfly wings and MG replicas with different Ag content. TEM images and
corresponding SAED of alloy replicas of (b) (ZrssCussAls)ssAgss and (c) (ZrssCussAls)soAgso. (d) Enlarged TEM image of the red region marked in (c) with its FFT

image inset.
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other alloy replicas with different Ag contents (Fig. S5 in the ESM).
One can see that the Raman intensity of the partially crystalized
MG replicas, for both the Cu-based alloy with the same Ag content
of 18 at.% and the Ag-based alloy with the high Ag content of 50 at.%,
is far below that of the (ZrsCussAls)s2Agis MG replicas.

To further illustrate the role of amorphous structure for the
significant SERS properties of MG replicas, we compared the Raman
performances of pure Ag and (ZrssCussAls)s2Agis MG replicas with
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similar hierarchical nanostructures both fabricated by the IBAD.
The measured Raman signals of 10 M R6G absorbed on the two
samples are shown in Fig. 4(a) and the Raman intensity at 610 and
1,650 cm™ for the pure Ag and (ZrsCussAls)s2Agis MG replicas are
given in Fig. 4(b). It should be noted that even with alow Ag content,
the Raman intensity of (ZrssCussAls)s2Agis MG replicas is the same
order as that of the pure Ag one, indicating the significant
contribution of the amorphous structure to SERS. To quantify this,
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Figure 3 SERS measurements and intensity analysis of alloy replicas. (a) SERS spectra of 107, 107, 10~® and 107" M R6G collected on the (ZrssCussAls)s2Agis MG
replicas. (b) Raman intensity of (a) at 610 and 1,650 cm™" as a function of concentration (in logarithmic scale). (c) SERS spectra of 10° M R6G for alloy replicas with
different Ag: (Zr45Cu4sAls)95Ag5, (Zr45CU45A18)34Ag15, (Zr45CU45A13)73Ag22, (Zr45Cu45A13)54Ag35, (Zl‘45Cu45A13)50Ag50, (Zl‘45CU46A13)40Ag50, and (Zl‘45Cu45A13)35Ag64. (d) Raman

intensity of (c) for different component.
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Figure4 SERS measurements and morphology of the pure Ag and MG replicas. (a) Comparison of SERS signals from 10 M R6G on the pure Ag and
(ZrssCuusAls)s2Agis MG replicas. (b) Raman intensity at peaks of the replicas of pure Ag (green bar), (ZrssCussAls)s2Agis MG (red bar) and ideal amorphous Ag (blue

bar). SEM images of (c) the MG replicas and (d) pure Ag replicas.
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we estimated the Raman performance of the ideal amorphous Ag
replicas by simply scaling the Raman intensity of (ZrsCussAls)s2Agis
MG replicas according to the Ag content, also shown in Fig. 4(b).
Obviously, if the pure Ag is in an amorphous state, the SERS
performance of the replicas will be much better than that of the
pure Ag crystalline replicas. We also examine the microstructure of
the pure Ag and MG replicas by SEM, as shown in Figs. 4(c) and
4(d), respectively. The width of ribs and the distance between them
for the pure Ag replicas are similar with those of MG replicas. This
excludes the possibility that the surface microstructures result in
the enhancement of Raman signals for MG replicas. Therefore, the
fundamental mechanism of the superior SERS for the MG replicas
should be related to the amorphous nature.

For the practical application in SERS, the self-cleaning behavior
of the MG replicas is also important, which could facilitate the
concentration of analyst within the small contact area before SERS
collection and easily washed away from the surface after the SERS
collection [24, 26, 29]. Therefore, we also measured the surface
wettability of MG replicas with excellent SERS performance as well
as a smooth MG film deposited on silicon wafer for comparison.
As shown in Fig. 5, the contact angle of the MG replica is about 140°,
which is almost 40° larger than that of the flat MG film, indicating
the superior self-cleaning behavior of the MG replicas when contacting
with some liquids. The superhydrophobicity of MG inheriting from
the nanostructures of butterfly wing offers great advantages for
surface self-clean and extends the SERS service life in practical
applications [32-35].

To understand the pronounced SERS effects induced by the
amorphous structure, the physical mechanism for the SERS effect
of nanostructured coinage-metals should be firstly discussed.
In principle, the SERS arises from the localized electromagnetic
enhancement for the incident light at some hotspots [4, 36, 37].
Due to the intrinsic LSPR properties of noble metals, a single or
coupled of their nanostructures with small sizes (1-5 nm) could act
as the hotspots for the enhancement of local electromagnetic field,
leading to the enhanced Raman scattering from the molecular in the
nanogap [5, 38-41]. Arising from the metastable nature, the structure
of MGs is intrinsically inhomogeneous at the nanoscale. This has
been recently verified by many studies with time-resolved techniques
[42-44]. There are closely packed atomic clusters (e.g., icosahedrons)
(hard regions) and loosely packed sites (soft regions) between them
in the structural heterogeneity. Due to the loosely packed structure
and the relatively high energy state, it is possible that the small
chemical molecules are attached at these soft nanoscale regions (Fig. 6).

(a) (b)

Figure 5 The superhydrophobicity performance for different films. (a) Silicon
wafer with the (ZrssCussAls)s2Agis MG film. (b) The contact angle of MG film
deposited on silicon wafer is about 100°. (c) The (ZrsCussAls)s2Agis MG replicas
circled by the red region. (d) The MG replicas in (c) show superhydrophobicity
with the contact angle of 140°. The measurement error is less than 5°.
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While the “hotspots” are generated by the gap-dependent EM field
coupling among the adjacent closely packed atomic clusters (1-2 nm
in size), as shown in Fig. 6(a), similar to nanoparticles of noble metals.
By this way, the Raman-scattered light of R6G molecules between
these nanoclusters consist of a few atoms is amplified by the local
strong electromagnetic field.

The 3D finite-difference time-domain (FDTD) simulation was
introduced to prove the electric field enhancement between MG
nano-clusters. The insertion diagram in Fig. 6(b) shows the structural
model for the FDTD simulation. The dielectric coefficient of MG
nano-clusters is fitted from the measurement data which is shown
in Fig. S7 in the ESM. Here, we treated the densely-packed atomic
clusters in the amorphous structure of MGs as NPs with a size of
2 nm. Then we calculate the variation of the maximum and average
electric field enhancement factor |E/Eo|* with the gap distance of MG
NPs. The more details of simulation can be found in text SII in the
ESM. In the simulation, the incident plane wave with a wavelength
range from 250 to 700 nm propagates along the z axis direction
and its polarization direction is parallel to the x axis (Fig. 6(b)). To
make sure that the gap was meshed correctly, a mesh override with
very fine step was used. Figure 6(b) shows the variation for the
maximum and average electric field enhancement factors (|E/Eo|*)
with the change of gap distance between two adjacent MG NPs,
where |E/E|* increases nonlinearly with the decrease of the gap.
When the gap is less than 2 nm, the maximum |E/Eo|* values decline
sharply with the increase of the gap, then towards stability for the
gap greater than 2 nm. So does the mean |E/Eo|* values, while the gap
of 2 nm just corresponds to the size of soft or liquid-like regions in
the amorphous structure of MGs as reported by previous literatures
[45-48]. All these evidences indicate that the MG NPs will significantly
improve the electric field enhancement (increased by more than
20 times). Moreover, the electrical field intensity distributions of
MG NPs with 0.6 and 4 nm gap in the vertical plane (x-z) are shown
in Figs. 6(c) and 6(d), respectively. It can be clearly seen that the
localized electric field is mainly confined into the nanogap between
the adjacent MG NPs.

In general, the excellent SERS of the MG butterfly-wing
nanostructures is a combination of three effects: the intrinsic LSPR
of Ag atom, the atomic-scale structural inhomogeneities of MGs and
the large surface area of the hierarchical butterfly-wing structure.
Every factor plays a key role in the superior SERS effect. As shown
in Fig. S8 and Text SIII in the ESM, the hierarchical structure of
butterfly scales results in a specific surface area 20 times larger than
that of the flat surface, which further greatly enhances the SERS
effect caused by the adjacent MG NPs. If the original biostructures
are destroyed, i.e., the surface becomes smooth, the measured SERS
signal is very weak and almost can be neglected (Fig. S9 in the ESM).

4 Conclusion

In summary, we successfully fabricate a complex hierarchical MG
nanostructure through replicating the structure of biomaterials.
The MG nanostructure displays an excellent SERS effect, the
superhydrophobicity and self-cleaning behavior. The SERS effect
of the MG nanostructure is related to the intrinsic structural
heterogeneities on the MG surface, which provides a large number
of hotspots for the amplification of the localized electromagnetic
field and Raman scattering enhancement. Our works show that the
MG could be a new SERS material with low cost and good durability,
which will well extend the functional application of this material.
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